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Abstract
Intuitive kinematic control of a redundant robot arm to track a speciﬁed end-eﬀector trajectory is achieved via haptic devices or
homogenous robots with the same degrees of freedom (DOFs) and similar mechanical structures. To improve intuitive control, this
work proposes a novel method to control directly by human motion the kinematics of a redundant robot arm such that the robot is
teleoperated to avoid obstacles and track a given end-eﬀector trajectory using a gesture resembling as human’s. This work proposes
a kinematic control with an augmented multi-tasking method to solve the local-solution and divergence problems of previous multi-
tasking methods when human motion is applied. Computer simulations with a redundant robot arm is used to validate the proposed
kinematic-control method. The proposed method enables a redundant robot arm to track a speciﬁed end-eﬀector trajectory using a
gesture which closely resembles human motion.
c© 2013 The Authors. Published by Elsevier Ltd.
Selection and peer-review under responsibility of the National Tsing Hua University, Department of PowerMechanical Engineering.
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1. Introduction
Kinematic control of a redundant robot arm [1], which refers to the situation in which the robot has more degrees
of freedom (DOFs) than the task dimension, is an important research area in robotics. Controlling the kinematics of a
redundant robot arm such that the robot’s end-eﬀector tracks a desired trajectory is necessary for complex tasks such
as spray painting and industrial welding. It can also be applied to service robots, spacecraft, military aircraft, and
other entertainment applications. Kinesthetic teaching [2] and haptic devices [3–5] are simple and intuitive means to
control a robot’s kinematics. To increase the intuitiveness of kinematic control, motion imitation allows the kinematics
of a redundant robot to be controlled simply by human motion [6,7]. However, this method cannot precisely control a
robot’s end-eﬀector on a given trajectory for two reasons. One reason is the mechanistic discrepancy between a human
and a robot, and the other reason is the inaccuracy of human motion [8]. For delicate tasks such as cutting and welding,
∗ Corresponding author: Hsien-I Lin. Tel.: +886-2-27713343; fax: +886-2-87733217.
E-mail address: soﬁn@ntut.edu.tw
© 2014 H.-I. Lin Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Selection and peer-review under responsibility of the National Tsing Hua University, Department of Power Mechanical 
Engineering
412   Hsien-I Lin et al. /  Procedia Engineering  79 ( 2014 )  411 – 416 
teleoperating by motion imitation is infeasible. Thus, to simultaneously control the gesture of a redundant robot arm
and the robot’s end-eﬀector to track a desired trajectory by human motion, this work proposes a new method.
The main problem in kinematic control of a redundant robot arm is regarded as an inverse kinematics (IK) problem.
Generally, IK problems are solved by closed or numerical forms. The closed-form method is both eﬃcient and accu-
rate, but complicated, such as when using a geometric or algebraic approach [9]. Moreover, if a robot’s conﬁguration
changes (e.g., a robot’s sequence of joints), the geometric model for an IK problem must be rebuilt. Conversely, IK
methods using the numerical form, such as potential ﬁeld [10–12], rapidly exploring random trees (RRTs) [13–15],
and multi-tasking methods [16–21], have been applied. In [11], a potential ﬁeld was constructed around obstacles,
and the genetic algorithm (GA) method was applied to determine the best manipulator shape and keep the manipu-
lator away from obstacles. However, this solution did not completely avoid collisions between the manipulator and
obstacles [12].
Multi-tasking methods, very common methods for redundant manipulator control, are used to solve the obstacle-
avoidance problem and for kinematic control. Multi-task planning is applied when a redundant robot is required to
accomplish a primary task such as end-eﬀector trajectory tracking, and a secondary task, such as obstacle avoidance, or
more than three tasks simultaneously. Maciejewski and Klein [16] conducted a pioneer study in which the manipulator
was commanded along a speciﬁed end-eﬀector trajectory without deviation; the secondary goal was to avoid obstacles.
Later, Zlajpah and Nemec [19] dealt with similar tasks in [16] with online obstacle avoidance. Siciliano and Slotine
[17] also conducted pioneering research in the multi-tasking of redundant systems where conﬂicting task problems
could be solved by a recursive algorithm. Their method was implemented via simulations of two cases on a snake-like
robot.
This work applies human motion to control the kinematics of a redundant robot arm and make it dexterous. The
proposed method enables a human to teleoperate a redundant robot to track a speciﬁed end-eﬀector trajectory, avoid
obstacles, and perform gestures resembling as human’s. This work diﬀers from previous work [2,7,22] in that human
motion is used to teleoperate a robot to keep its end-eﬀector tracking exactly a given trajectory. The advantage of the
proposed method is that a human can intuitively teleoperate a redundant robot arm with gestures to avoid obstacles,
and keep the robot’s end-eﬀector tracking the trajectory precisely of a given delicate task.
The remainder of this paper is organized as follows. Section II introduces the kinematic control problem. Section
III presents the system architecture, consisting of the motion capture system and kinematic control by the augmented
algorithm of an inverse Jacobian with the multi-tasking method. In Section IV, computer simulations on a humanoid
robot are used to validate the proposed method. A discussion and conclusions are summarized in Section V.
2. Problem formulation of kinematic control by the multi-tasking method
This work solves task-related problems where an end-eﬀector’s trajectory is given and human motion is applied to
control robot gestures for obstacle avoidance. Figure 1 shows the scenario of the proposed work. The human makes his
end-eﬀector movement on a desired trajectory at the local site. His motion is captured by a motion capture system and
the motion joint angles are derived to teleoperate the robot at a remote site. The human must watch the camera to avoid
obstacles at the remote site. The robot should keep its end-eﬀector tracking exactly the desired trajectory and avoid
obstacles at the remote site. However, due to the inaccuracy of the human motor system, the human trajectory deviates
from the desired trajectory. After human joint angles are used to drive the robot, actual robot trajectory deviates much
more than the human trajectory because of mechanistic discrepancies between the robot and the human.
To accomplish this end-eﬀector trajectory tracking task, this work augments multi-tasking methods using human
motion. In a multi-tasking method, the primary task for a robot is to track a desired end-eﬀector trajectory, and the
secondary task is to mimic human motion. To solve a multi-tasking problem, the inverse Jacobian method is used
widely. The basic inverse Jacobian method, also called the ”Moore-Penrose” inverse Jacobian, can be formulated as
q˙ = J+1 x˙1 (1)
where q˙ is joint angle, x˙1 is the end-eﬀector velocity (the primary task), J1 is the end-eﬀector’s Jacobian, + is the
pseudo-inverse operation, and subscript 1 is the primary task. The pseudo-inverse operation is used for all matrices
J1, even those that are not square or do not have full row rank. The pseudo-inverse operation gives the best possible
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solution q˙ to Eq. (1) with a minimum norm. The pseudo-inverse operation can be extended to
q˙ = J+1 x˙1 + (I − J+1J1)z (2)
where matrix I − J+1J1 applies a projection onto the null space of J1. Thus, for all vector z s.t. (I − J+1J1)z = 0, one
can still obtain a value for q˙ which minimizes the value of J1q˙ − x˙1. According to the above formulation, Siciliano
and Slotine [17] proposed that q˙ is expressed as
q˙ j = q˙ j−1 + (J jN j−1)+(x˙ j − J jq˙ j−1) (3)
where N j = I − J˜+i J˜i and J˜i =
[
J1, J2, · · ·, Ji
]T
. According to the above formulation, the multi-tasking method for
kinematic control by human motion has two major problems.
1. The local-solution problem occurs in the early iteration of Eq. (3), when the initial position of the robot end-
eﬀector is too close to the position of the primary task (x˙1 ≈ 0) and the arm is not fully extended. When x˙1 ≈ 0
which causes q˙1 ≈ 0 and then q˙2 ≈ 0, the solution becomes stuck in a local solution.
2. The divergence problem occurs when some multiple tasks are conﬂict because of hardware constraints. The
distance between the primary and secondary tasks is greater than forearm length. Two resultant cases of the
multi-tasking method exist: (1) the solution converges to the primary task and sacriﬁces the secondary task; and
(2) the solution diverges between these two tasks. The errors diverge between the two tasks in the multi-tasking
method.
2.1. Augmented multi-tasking method
In Section II, the basic formulation of the multi-tasking method is introduced and the augmented multi-tasking
method for solving the local-solution and divergence problems is presented. The two tasks are described as follows.
1. Primary task: the robot’s end-eﬀector should track a given trajectory.
2. Secondary task: the robot motion should avoid obstacles and be similar to human motion.
For example, a human teleoperates a robot to avoid an obstacle and track a given end-eﬀector straight-line tra-
jectory. The robot elbow position is controlled to avoid the obstacle and mimic the human’s gesture. Thus, the
multi-tasking method controls the robot’s end-eﬀector and elbow positions to fulﬁll the primary and secondary tasks
simultaneously.
Figure 2(a) shows the ﬂowchart of the multi-tasking method. Step 1 acquires the primary and secondary task
errors. Step 2 assesses whether the primary and secondary tasks are both accomplished. If not, Step 3 computes the
updation of robot joint angles q˙ according to Eq. (3). To avoid singularities of the pseudo-inverse method, Step 3
adopts Damped Least Squares (DLS) [23] and Singular Value Decomposition (SVD) keep the solution numerically
Computer
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Fig. 1. Proposed scenario.
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Fig. 2. Multi-tasking method.
stable. Step 4 updates the robot joint angles q via q˙ computed in Step 3 and loops the above steps until Step 2 is
satisﬁed.
To solve the local-solution and divergence problems, augmented steps (Steps 3a-3e, Fig. 2(b)) are proposed. These
augmented steps are described as follows. When the local-solution and divergence problems occur, the multi-tasking
method does not stop, resulting in the number of iterations exceeding a given constant C. Thus, Step 3a assesses the
number of iterations to determine whether to introduce the augmented steps. On the one hand, if the local-solution
problem causes an unstoppable situation, Step 3b switches task1 and task2 (task1 becomes the new task2 and task2
becomes the new task1) to complete task2 to achieve the ﬁrst goal and continue task1 to ﬁnish the goal later. On
the other hand, if an unstoppable situation is caused by the divergence problem (e.e., the distance between task1 and
task2 is greater than the length of the robot’s forearm), Step 3b also switches task1 and task2 to help the both tasks
converge. At this moment, the new task1 is the initial task2. Thus, Step 3c fails and the program skips Step 3d and
goes to Step 3e to reset the number of iterations. Unfortunately, the program enters Step 3b again because task errors
cannot converge because of the large distance between task1 and task2. However, the current robot gesture is the most
similar to human motion because initial task2 is executed as new task1 with an increased priority. Step 3b switches
both tasks again, such that new task1 becomes initial task1. Thus, Step 3d discards task2 because task1 has a higher
priority than task2. Even though task2 is discarded, the multi-tasking method uses the inverse Jacobian to converge to
the solution with minimal change in joint angle, meaning that task1 can be accomplished without much loss of motion
similarity between the robot and human.
3. Computer Simulations
In the simulations, the proposed method was validated by drawing a straight line with a redundant robot arm.
Although previous work had good results in robot teleoperation, the simulations focused on keeping the robot’s end-
eﬀector following a desired trajectory and imitating human motion.
In the simulations, a human teleoperated a redundant robot arm to draw a straight line without hitting a moving
obstacle. The obstacle moved horizontally. When human joint angles captured by the motion capture system were
simply used to drive the redundant robot arm, the robot did not track exactly the desired end-eﬀector trajectory. This
was because of mechanistic discrepancies between the human and robot. However, the inverse Jacobian method
allowed the robot to track the end-eﬀector trajectory but could not guarantee that the robot’s gesture was the most
similar to the human’s gesture.
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In simulations, the starting position was set as (x=5.34, y=31.11, z=25.27) (cm) and the target position as (x=7.3,
y=30, z=8.88) (cm) in the Cartesian coordinate. The desired trajectory was a straight line between these two positions.
Since the human could not draw exactly a straight line, the robot’s end-eﬀector current position was obtained by
mapping the human’s end-eﬀector position. These joint angles and orientation of the upper arm were used as the
initial condition and secondary task, respectively, for the proposed augmented multi-tasking method. Figures 3(a) and
3(b) show the simulations. The human teleoperated the robot to draw successfully a straight line without hitting a
moving obstacle.
(a) (b)
Obstacle trajectory
Target position End-effector trajectory
Fig. 3. Robot teleoperation to draw a straight line.
The position error of the robot’s end-eﬀector and similarity between the robot’s gesture and human gesture were
assessed. Here, three methods were evaluated: the inverse-Jacobian method was used to keep the robot’s end-eﬀector
tracking on the desired position; the multi-tasking method controlled the position of the robot’s end-eﬀector and
orientation of its upper arm; and the proposed augmented multi-tasking method performed the same task as did
the multi-tasking method. The average end-eﬀector positional error with the inverse-Jacobian, multi-tasking, and
proposed methods was 1.4E-5, 8.4E-6, and 1.2E-5 (cm), respectively. Thus, these methods completed the primary
task accurately. Gesture similarity was evaluated by comparing the diﬀerence (in degree) between the human’s and
robot’s upper arm orientation. The average diﬀerence with the inverse-Jacobian, multi-tasking, proposed methods
was 14.29, 3.41, and 1.44 (degrees), respectively. The proposed method (red line) had the smallest diﬀerence in the
upper arm orientation at all times when drawing a straight line (Fig. 4), meaning that the proposed method achieved
end-eﬀector positional accuracy and maintained close gesture similarity.
4. Discussion and conclusions
The proposed method controls successfully the kinematics of a redundant robot manipulator via human motion.
The advantage of this method is that a human can teleoperate a robot to avoid obstacles with high end-point positional
accuracy. The proposed augmented multi-tasking method is adopted to accomplish the two tasks, one of which is
to keep the end-eﬀector position accurate and the other is to imitate the human gesture and avoid obstacles. The
simulation for drawing a straight line is used to validate the accuracy of the proposed method. The robot has good
end-eﬀector positional accuracy and similar gesture to that of the human.
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